pected coronary disease and for follow-up in patients with known disease.
Magnetic resonance (MR) imaging is well suited for evaluating the heart, with excellent soft-tissue contrast without the need for vascular access or an exogenous contrast agent and the ability to acquire images in oblique sections. Initial attempts at MR imaging of the proximal coronary arteries met with limited success because of prolonged imaging times coupled with prominent cardiac and respiratory motion.34 More recently, magnetic resonance angiography (MRA) of arterial vessels of a caliber similar to that of the coronary arteries has been developed for clinical applications, including screening for intracranial aneurysms5 and renal artery stenosis.6 These gradient-echo techniques depict laminar flow as bright signal, whereas turbulence or absent flow are displayed as signal voids. Given the success of MR angiography for these applications, we sought to study the ability of MR to image coronary artery blood flow noninvasively. Previous studies from our laboratory have demonstrated that imaging of coronary flow in isolated and in vivo rodent hearts is feasible. 7 We have modified this approach for use in humans and now apply this technique to a series of healthy volunteers and patients with known coronary artery disease to determine the feasibility of human MR coronary angiography. 
Methods

Study Group
The study group consisted of 25 adult subjects, including 20 men and five women. Nineteen subjects were consenting volunteers, mean age, 28 years (range, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] years), and six subjects were adults, age 43-68 years, with known coronary artery disease who underwent MR study after diagnostic coronary angiography. Angiography was planned in each case for the evaluation of chest pain. All volunteers were free of cardiovascular disease by history and physical examination. No volunteer was on any medication or used tobacco products. Patients with coronary artery disease included those with an occluded proximal left anterior descending coronary artery (n=2), an occluded proximal right coronary artery (n=2), and significant stenosis (>70%) of the proximal right coronary artery (n=l) or left anterior descending coronary artery (n=1). Figure 1A , with a subsequent transverse image at a more inferior level shown in Figure 1B . Oblique images along the major axis of the vessel identified in transverse section could then be obtained as shown in Figure 2A , with successive sections obtained to delineate deviations of the vessel into adjacent imaging sections ( Figures 2B-2D ). Contiguous segments of coronary vessels as distal as the bifurcation of the distal right coronary artery were often seen ( Figure 2D ). The left main coronary artery was visualized in both transverse and oblique sections ( Figure 3A ), whereas the left anterior descending coronary artery, diagonals, and cardiac veins were best identified on transverse sections ( Figures 3A and 3B) .
The left main coronary artery was seen in 24 (96%) of 25 subjects, the left anterior descending coronary artery in 25 (100%), the left circumflex coronary artery in 19 (76%), and the right coronary artery in 25 (100%). The average diameter and average length of observed coronary artery in volunteers and nondiseased vessels of patients with coronary artery disease are shown in Table 1 . Quantitative angiography of normal proximal segments from the subgroup who underwent conventional contrast angiography demonstrated a good correlation with MR-determined lumen diameters (r=0.86, p<0.002; Figure 4 ), with no significant difference between the two measurements (contrast angiography, 4.1±0.9 mm versus MR angiography, 4.3±0.9 mm; p =0.14).
In addition to these major vessels, the diagonal branches of the left anterior descending coronary artery were identified in 20 subjects (80%) (Figure 3B ), and the great cardiac vein was identified in 22 (88%) of 25 subjects ( Figure 3B ). Confirmation of arterial and venous flow was made by saturation of proton spins from blood (nullification of signal from the blood pool) in the aortic root and resultant loss of signal within the left main and left anterior descending coronary arteries but persistent signal in the cardiac vein.
Occluded vessels in the six patients with coronary artery disease were visualized by MR as a total absence of flow signal distal to the area of occlusion ( Figure 5 ). Patients with significant stenoses demonstrated signal loss in the area of the stenosis, with flow seen again in the more distal portion of the vessel ( Figure 6 ). Discussion The ability to acquire information regarding coronary artery anatomy noninvasively would represent an im- The MR angiographic technique's sensitivity to differences between nonturbulent blood flow (appearing bright) and turbulent blood flow (appearing dark) would result in an imperfect concordance with contrast angiography. Minor luminal irregularities or ulcers/ aneurysms may lead to significant local turbulence and resultant MR signal loss in the absence of an angiographically significant diameter narrowing. This ability of MR coronary angiography to detect areas of turbulence in the absence of an angiographically significant stenosis, however, may have clinical utility. Numerous pathological studies have documented extensive atherosclerosis distant from angiographically significant stenoses,13 whereas other studies have suggested that it is the mild-to-moderate stenosis that has the greatest potential to progress.'4 Many of these progressive coronary coronary artery.
lesions have eccentric shapes lesions that would be '7 or three-dimensional angiograms formed by stacking two-dimensional planar images.18 With standard spin-echo and gradient-echo techniques, visualization of the coronary arteries has been erratic and often limited to the proximal vessel.3,4 This is probably caused by significant respiratory and cardiac motion during the cardiac cycle, including apex-to-base shortening and rotation19 and vessel tortuosity. Cardiac rotational and translational motion can be divided into four phases, with rapid movement during ventricular systole and less vigorous but still significant movement during rapid ventricular filling in early diastole and after atrial systole.'9 Between these latter two events, however, is a period of relative diastasis, when there is little cardiac motion and little intracavitary blood flow but coronary blood flow is still high. Our use of an ultrafast breathhold sequence allowed the elimination of respiratory motion by acquiring data during a single breath-hold, whereas cardiac motion and temporal resolution were minimized by image acquisition during diastole and the use of k-space segmentation, respectively. The method is adaptable to slower or more rapid heart rates; with a short RR interval, the number of phase-encoding steps acquired per QRS is reduced, and the number of segments is increased. Conversely, with significant bradycardia and long RR interval, the number of phaseencoding steps acquired per QRS could be increased, with a comparable total time for acquisition of each image. In theory, cardiac and respiratory motion can also be minimized by the use of combined cardiac and respiratory gating and more conventional spin-echo techniques, although this would result in prohibitively long scan times to image each level at the same time point within the cardiac cycle.
Echocardiography is the only other noninvasive technique that has also been used to image the coronary arteries. Two-dimensional transthoracic echocardiography has been successful at visualization of the left main and proximal right coronary arteries in 60-90% of patients, [20] [21] [22] phy may also help avoid misinterpretation of catheterinduced ostial right coronary artery spasm,27 assist in the screening of young adults involved in highly competitive sports for the presence of rare but sometimes fatal coronary artery anomalies,28 ' aid in the evaluation of patients requiring surgery primarily for valvular heart disease, and assist in the evaluation of patients with renal failure or other conditions associated with increased morbidity from coronary angiography. Moreover, MR coronary angiography may be combined with MR perfusion imaging30 along with anatomic and functional MR imaging to provide a comprehensive cardiac evaluation. A limitation of the current technique is the relative dependence on a regular heart rate and patients' holding their breath for 12-18 seconds. Frequent ventricular premature beats may cause acquisition of one or more series of phase-encoding steps during systole of the succeeding beat, resulting in image degradation. No subjects had difficulty holding their breath for the required time period, although this may be a problem for other individuals. If so, the use of a coarser matrix or an increased number of phase-encoding steps per QRS could be used.
In the future, MR coronary angiography may come to provide a unique, noninvasive means for the detection or exclusion of coronary artery disease involving the major coronary arteries in asymptomatic individuals with risk factors for coronary disease or in patients with suspected coronary artery disease. MR coronary angiography may also allow for periodic assessment of the efficacy of a medical or mechanical intervention used for the treatment of coronary artery disease.
